In this paper, low-k HSQ films are obtained by spin-on deposition (SOD) and then followed by treatment with CH 4 plasma using electron cyclotron resonance (ECR). Fourier-transform infrared spectroscopy (FTIR) is used to identify the network structure and cage-like structure of the Si-O-Si bonds and other bonds. Capacitance-voltage (C-V) measurements are used to determine the dielectric constants. A slow positron beam is conducted in order to investigate the pore connectivity within these films. The results suggest that the dielectric constant of the HSQ films, which were treated with CH 4 plasma, increased a little after annealing. CH 4 plasma treatment can restrain the increase in the dielectric constant of the HSQ films.
INTRODUCTION
Dimensions of devices in ultra-large scale integrated circuits (ULSI) continue to shrink according to the international technology roadmap for semiconductors (ITRS), which will delay the signal propagation speed and increase power consumption. This RC delay can be solved by using high conductivity metals for the interconnects, and by using low-k materials as the dielectric [1] [2] . At present, the lower dielectric constant of a film can be obtained by producing pores or reducing the polarity of the chemical bonds. Many studies focused on the characteristics of low dielectric constant materials [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Different kinds of low dielectric constant materials, such as methylsilsesquioxane (MSQ), HSQ, SiCOH, a porous silica, silica-carbon and fluorinatedcarbon, have been investigated in recent years. HSQ has a highly porous and three-dimensional network structure, so HSQ is one of the promising candidates for 32 nm ULSI technology. The lower dielectric constant of the HSQ can be achieved by maximising the density of Si-H bonds and minimising the Si-OH bonds. On the other hand, the HSQ dielectric film was prepared by spin-on deposition that is compatible to different processes employed in ULSI [13] . It is well known that annealing is necessary in ULSI circuits in order to keep the stability and decrease the surface roughness of the devices. However, the dielectric constant commonly increases after annealing because of surface structure changes. Some different plasma treatments were found to be effective in restraining the increase in the dielectric constant after annealing. Plasma treatment can reduce the roughness of the surface and change the structure of the film. The densities of the films can be changed also, which will lead to a change in the k-values [14] . H 2 /He reactive plasma clean treatment (RPC) successfully prevented Cu from diffusing into low-k polymer after annealing at 200°C for 1000 h. This method is proven to be effective for characterising and improving pore-sealing and barrier performance for Cu/porous ultra-low-k interconnects [15] . Plasma treatments are identified in order to enhance adhesion without degrading the dielectric constant [16] . CHF 3 plasma treatment on the SiCOH film lead to the reduction of the flat-band voltage V FB shift and leakage current of the Cu/SiCOH/Si film [17] . On the other hand, the porous low-k film is damaged as it induced plasma etching radicals [18] . Air-plasma exposure can increase the defect concentrations by breaking the siliconhydrogen bonds. Nitrogen-plasma exposure, as well as free-radical exposure, has only a small influence on breaking the bond. Ultraviolet curing can improve the chemical-damage resistance of the dielectric [19] .
In the paper, we chose the CH 4 molecule as the plasma due to its tetrahedral structure and its C-H bonds that can help form Si-H bonds in the HSQ films. The characteristics of the HSQ films which were treated by CH 4 plasma and then followed by annealing at different temperatures was investigated. The results suggested that the dielectric constant of the HSQ film treated with CH 4 plasma does not substantially increase after annealing.
EXPERIMENTAL
The P-Si (100) wafers cleaned by standard RCA were spin-coated with HSQ at 2000 rpm for 20 s, and baked sequentially on a hot plate at 400°C for 1 min. The CH 4 plasma treatments were carried out in an ECR-CVD chamber. The CH 4 gas flow rate was 5 SCCM and the substrate temperature was kept at 100°C. The MW (2.45 GHz) power was 300 W, I 1 was 140 A and the I 2 was 110 A. The chamber pressure was maintained at 3 mTorr. These films were annealed in a furnace at 300°C and 400°C respectively for 1.5 h in a nitrogen ambient. The annealing time was 1 min, 2 min, 3 min, 4 min and 5 min, respectively.
The HSQ films' thicknesses were measured by an ET 350 profilometer. The HSQ films' chemical bonds and structures were characterised by a FTIR spectroscopy JASCO 600 Plus with 4 cm -1 resolution. The dielectric constant (k) was calculated from the C-V characteristics measured at 1 MHz frequency by an HP4294A. The C-V characteristics were undertaken on a MIS structure fabricated as Aluminium/MSQ/p-Si. Slow positron beams were conducted to investigate the pore connectivity within these films.
RESULTS AND DISCUSSION
The result of FTIR Figure 1 shows the FTIR spectra of the HSQ films treated with CH 4 plasma without annealing. The peak intensities of the Si-H and Si-O bonds only change a little with different CH 4 plasma treatment times. The results indicate that CH 4 plasma treatments have little influence on the non-annealed HSQ films.
The FTIR spectra of the HSQ films treated with CH 4 plasma and annealed at 300°C for 1.5 h in a nitrogen ambient is shown in Figure 2 . According to the spectra, the Si-O stretch cage-like peak (1130 cm -1 ) decreases and the Si-O stretch network peak (1070 cm -1 ) increases when the HSQ film was treated with CH 4 plasma for 1 min. However, the peak intensity of the Si-O stretch cage-like bonds increases and the peak intensity of the Si-O stretch network bonds decreases with an increase in the CH 4 plasma treatment times. These indicate that the CH 4 plasma treatments changed the structure of the HSQ films annealed at 300°C.
The FTIR spectra of the HSQ films treated with CH 4 plasma and annealed at 400°C for 1.5 h in a nitrogen ambient is shown in Figure 3 . The peak intensity of the Si-O stretch cage-like peak (1130 cm -1 ) decreases and the Si-O stretch network peak (1070 cm -1 ) increases compared with that annealed at 300°C. The peak intensity of the Si-O bonds changes a little with an increase in the CH 4 plasma treatment time, which is similar to that in Figure 2 . It can be expressed as follows:
H-Si-O + CH 4 -> Si-O-Si + H 2 O
The Si-O cage-like structure can decrease the density of the films, so it is a benefit to low-k materials. This indicates that CH 4 plasma treatments are a benefit to keep the cage-like structure for the annealed HSQ films.
The result of relative area ratio (%) of the Si-H bonds
The relative area ratio (%) of the Si-H bonds is shown in Figure 4 . The relative area of the Si-H bonds firstly increases and then decreases with an increase in the CH 4 plasma treatment time. The relative area of the Si-H bonds increases with an increase in the annealing temperature. With 2 min CH 4 plasma treatments, the relative area of the Si-H bonds increased from 23.06 % (at 300°C) to 39.2 % (at 400°C). The Si-H bonds are hydrophobic, so the HSQ films will be more hydrophobic after the CH 4 plasma treatment. The hydrophobic surface will reduce the moisture uptake.
The result of dielectric constants
The dielectric constants of the HSQ films treated with different CH 4 plasma treatment times are shown in Figure 5 . The dielectric constant increases with an increase in the CH 4 plasma treatment time for the non-annealed sample. It is 3.02 for the sample that was treated with CH 4 plasma for 3 min. The dielectric constants of the annealed samples are higher than the non-annealed samples. It is 3.12 at 300°C and 3.15 at 400°C, respectively, with CH 4 plasma treatment for 1 min. The dielectric constants of the annealed HSQ films and non-annealed HSQ films all decrease with an increase in the CH 4 plasma treatment time. The increase in the dielectric constant is due to the conversion of the Si-O cage-like structure into the Si-O network in the CH 4 plasma treatment and the annealed samples. The conversion decreases with an increase in the CH 4 plasma treatment time. The Si-O cage-like structure is a benefit to keep the low density of the HSQ films, so the dielectric constant of the annealed samples increased slightly with an increase in the CH 4 plasma treatment time.
The dielectric constants of the annealed HSQ films will increase due to the conversion of the structure. We found that the dielectric constants of the HSQ films, which were treated with CH 4 plasma, increased slightly after annealing, so the CH 4 plasma treatment can keep the low dielectric constant. The properties of the SiOCH films can be significantly enhanced by CH 4 plasma treatment also [20] .
The results of slow positron beam measurements
The results of slow positron beam measurements are shown in Figure 6 . The S values are shown as a function of the positron implantation energy. The S data of the sample treated with CH 4 plasma for 3 min and 5 min, and then annealed at 300°C for 1.5 h in a nitrogen ambient, are lower than the others. This means that the implantation depths of these samples are smaller than the others [21] . This suggests that the porous density is smaller than the others as the porous density is proportionate to the implantation depth. As shown in Figure 6 , it is similar to the samples treated with the CH 4 plasma for 5 min with and without annealing at 400°C for 1.5 h in a nitrogen ambient. These results show that the porosities of the HSQ films treated with CH 4 plasma changed a little after annealing at 400°C. The low-density materials have low dielectric constants. The dielectric constant of the HSQ films treated with CH 4 plasma increased slightly after being annealed at 400°C. The S data of the sample treated with CH 4 plasma for 5 min and annealed at 300°C for 1.5 h in a nitrogen ambient is lower than that annealed at 400°C. The reason may be that the higher annealing temperature destroys the Si-O bonds and produces porosities. These results suggest that a proper annealing temperature can keep proper porosities.
CONCLUSIONS
The effect of CH 4 plasma treatment for stabilising low dielectric HSQ films has been investigated. As it is known, annealing is an important step in obtaining ULSI. The structure and the electrical properties, such as the leakage current density and the dielectric constant of the annealed HSQ films are more stable than that of the non-annealed one. In this paper, we concluded that: (1) CH 4 plasma treatment can prevent the structure of the annealed HSQ films from becoming destroyed from the FTIR results. (2) The results of the slow positron beams also suggest that the porosities of the HSQ films treated with CH 4 plasma only changed a little after being annealed. (3) CH 4 plasma treatment can keep the characteristics (low leakage current density and low dielectric constant) of the HSQ films after annealing. Therefore, CH 4 plasma treatment is an effective method to keep the low dielectric constant of the annealed HSQ films. 
